Abstract-This paper develops a design methodology aimed to shape passive the admittance of the LCL grid-connected voltage source converters (VSCs). A novel aspect of this work is the assessment of the range of frequencies for control design: due to discrete and PWM operation, the effectiveness of the control action is more and more reduced as frequency increases; in practice, system delays and non-linear effects tend to impair the passivity properties and also its experimental validation. However, as shown in this paper, those effects can be minimized by including the LCL filter as a part of an outer VSC admittance: this assumption is supported by the fact that high frequency disturbances (generated in the point of connection) are absorbed by the LCL capacitor branch, and hence, are not able to create a positive feedback in the VSC (i.e., the active component). By taking advantage of this remark, the inner VSC admittance can be shaped by a reduced order filter in the Z-domain, which mainly depends on the proportional and active damping (controller) gains. The design hypotheses and the control design methodology are verified by PLECS switching-mode simulations.
I. INTRODUCTION
Stability of power converters connected to highly variable grid conditions is a challenging issue. This is the case of traction applications, in which the electric circuit seen by the locomotive inverter (i.e., the plant) is continuously changing during operation [1] . Focusing on renewable energy applications, high uncertainty in the plant model is found in large wind farms due to elements such as long cables, capacitor banks and transformers [2] , [3] . This work focuses on the dynamics associated to current controlled LCL grid-connected voltage source converters (VSCs), which represent many of the harmonic issues in wind power plants [2] .
From the classical closed-loop control perspective, the difficulties to assess the plant (i.e., the electric circuit) makes the design a complex task. Design for passivity successfully deals with a limited knowledge of plant (i.e., the electric circuit in this problem), since the control objectives are set as a function of well known parameters. A design for passivity methodology for grid-connected VSC has been developed in [4] , [5] ; it can be summarized as follows: 1) the closed loop control is expressed in terms of the impedance stability criterion [6] ; 2) the converter admittance is derived as function of converter parameters (controller and primary inductance); 3) the grid impedance is not known, but it is assumed formed by passive components; 4) from previous remarks, absolute stability is assured if the converter admittance is passive: i.e., its real part is not negative; 5) systematic procedures to set control filters and parameters is provided with the goal of shaping the converter admittance to be passive.
Some features of those previous works are: 1) the design has been developed in the S-domain; 2) the range of frequencies for analysis covers components from the closed loop bandwidth up to the Nyquist frequency, which (by definition) is ω s /2, with ω s being the controller sampling frequency [4] , [5] . However, as analyzed in this paper, this methodology poses important practical limitations, such as 1) when considering the discrete-time implementation obtained from S-domain filters, significant inaccuracies arise at the high frequency range, which clearly compromise S-domain based designs [7] - [9] ; 2) discrete-time implementation of time-derivative filters, which is also needed in the active damping path, is not straightforward task [10] , [11] ; 3) non-linear effects due to zero order hold (ZOH) and PWM operation effectively limit the control action [12] , which is not considered by a linear analysis; 4) assuming that most of the practical grid-connected VSC include a LCL filter, the high-frequency filtering of the capacitor branch can be taken into account to simplify the design problem without compromising the stability properties.
Based on these observations, this paper proposes to limit the design region into the range of frequencies at which the control active is really effective. As shown in Section III, ω s /4 is a reasonable limit for the controller design (i.e., the capacitor branch effectively isolates high frequency components to draw the VSC). Subsequently, Sections IV (system modeling) and V (control design) show that a passive design is achieved with a simple controller by taking consideration of the implementation: the design is based on a Z-domain approach with consideration of sampling and delay effects.
Simulation results are employed to verify the approach. The discrete control system is implemented in Matlab Simulink (discrete time blocks with ZOH acquisition) with the power circuit switching model implemented with the PLECS blockset. The tests approach the passivity verification procedure set in the EN-50388 standard, available for traction applications [13] : an ac sweep is programmed in the voltage waveform at the point of common coupling and then the admittance frequency characteristic is obtained from the current measurements. The results confirm the proposed approach. 
II. SYSTEM DESCRIPTION AND BACKGROUND
A. LCL Grid-connected VSC Fig. 1 (a) represents a LCL grid-connected VSC working in current control mode. The voltages E, E c and U represent the stiff grid, point of connection and VSC voltages, respectively. The LCL output filter is formed by the converter side (primary) inductive filter, the capacitance and transformer leakage inductance. The converter side inductive filter is defined by series inductance L cs and resistance R cs . The capacitance is given by a parallel capacitance C cp in series with a small equivalent series resistor R cp . The transformer model is given by a leakage inductance L ts and an equivalent winding resistor R ts in series. The grid impedance is represented by Z g , which depends on power system circuit and grid conditions [3] .
In wind turbine applications, the hardware design is imposed by the transformer leakage inductance, which sets L ts [3] , [14] . Typical values for the secondary inductance are then in the range [0.06, 0.1] p.u. (wind turbine rated power is used for base calculations) [14] . Following LCL design basic guidelines, the secondary inductance also constraints the selection of the converter filter: a primary inductance equal to the transformer inductance is a reasonable design to optimize the switching harmonics filtering [11] , [14] . Using L ts as a constraint, in practice, the main degree of freedom of the LCL filter is the choice of the capacitance C cp . The rated LCL resonance frequency (angular) is
The selection of ω res involves a trade-off between control interactions and filtering [11] . 
B. Current Controller
Fig. 1(b) depicts the current loop, which corresponds to a hybrid controller [7] . K(z) represents the main controller, which in this work is a PR implemented in αβ-frame
with k p and k i being the proportional and resonant gains, ω 1 the fundamental frequency and T s = 2π/ω s the controller sampling period, respectively. The resonant filter transfer function corresponds to the impulse-invariant method [15] . I is a 2x2 unity matrix, that means that K(z) is diagonal [16] . The control action calculation also includes an E c voltage feedforward double path, with the following objectives: 1) provide a filtered value of the main grid component to improve the initial transient [4] and 2) an active damping action based on capacitor voltage derivative term [5] , [11] . The active damping action using a backward-Euler discretization is
with k ad being the active damping gain [11] . The system delay is modeled by a time latency t L due to discrete-time operation (e.g., A/D and D/A conversion times of the digital board) and half a control sample due to PWM/ZOH operation; in practice t L = T s is a good approximation (1.5T s is the total delay) [5] , [15] . Furthermore, ZOH and PWM operation also introduce non-linearities, which limit the control action [12] , as analyzed in the next section.
The system plant is represented in the S-domain by P(s). If the grid model is neglected, i.e., Z g (s) ≈ 0, P(s) can be expressed as a function of LCL parameters [11] . However, this is not an accurate representation of complex power systems, in which, P(s) is high order and presents resonances [2] , [3] .
Until now, the matrix notation in the figure represents the three-phase and scalar variables of the real circuit. Subsequently, for the sake of generality scalar notation is used, as no couplings between phases are considered. This assumption is accurate for αβ-frame, as both the controller and plant are diagonal [7] , [16] . The rest of the grid is modeled as Z g (ω). According to the impedance stability criterion, Y c (ω)Z g (ω) Nyquist trajectories set the system dynamics [5] , [6] .
C. Impedance Stability Criterion and Design for Passivity
A key feature of the Impedance/Admittance formulation for design is that Y c (ω) definition includes all the control actions of the system [17] . Design for passivity is then posed as follows: by assuming that Z g (ω) is formed by passive components, i.e., is passive, absolute stability of the system defined by [5] . In practice, design for passivity aims to define converter control actions that shape Y c (ω) to be passive in a specified range of frequencies [4] , [5] .
III. REGION OF EFFECTIVE CONTROL ACTION A. LCL Filter Operation
An important observation when considering LCL gridconnected VSC is that the outer admittance (e.g., as seen after the wind turbine transformer), defined as Y g (ω) in Fig. 1(a) , sets the dynamics by its interactions with Z g (ω). In practice, this scheme well models the case of most wind turbine circuits: the grid-connected converter terminals are at a lowvoltage (LV) network that interfaces the medium-voltage (MV) network through a step-up transformer (also rated at the wind turbine power) [14] , [18] .
From Fig. 1(a) , the outer admittance is given by
Outer admittance
Inner admittance (4) with the inner admittance being defined by the parallel of the converter admittance Y c (ω) and the filter capacitor branch (R cp ≈ 0 is assumed). By inspection of (4), it should be noted that only Y c (ω) models the converter control actions [17] , but the remaining Y g (ω) components are passive. As the capacitive branch admittance increases with frequency, the assumption |jωC cp | >> |Y c (ω)| becomes reasonable at frequencies above ω res ; i.e., for high frequency components, the capacitor branch mainly sets the admittance as seen from E c to the VSC. The physical meaning and its implications on stability are clear: the high frequency components in the grid side mainly flow through the capacitor branch and hardly reach the VSC current path; therefore, the control actions derived from the disturbance are minimum and not enough to cause a positive feedback or instability. In order to fulfil this assumption, |Y c (ω)| should be small at high frequencies, which is achieved with the proposed method. model as a part of the VSC, which is the case of wind turbine applications: the IEC61400 standard includes the stepup transformer as a part of the wind turbine for the low voltage ride through tests (and gives freedom to the wind turbine supplier to select the point for measurement) [18] .
B. ZOH, Aliasing and Alias Generation
In digital controlled system, the control action effectiveness is highly reduced as the frequency is increases [12] . In practice, the control action effectiveness is reduced well below ω s /2 [8] , [19] . ZOH operation and aliasing limit the control action, as explained in the following. The frequency response of the ZOH block is defined by [8] H zoh (ω) = 1 − e −jωTs jωT s . Fig. 2 shows the ZOH frequency response. In principle, this represents a linear expressions, but when considering the discrete device acquisition, the region highlighted in yellow corresponds to alias components [8] , [19] . Anti-aliasing filters are then designed so the band of frequencies around ω s /2 are well attenuated, which implies a high order analog filter with cut-off frequency well below ω s /2 [19] . The low pass filtering action is at the cost of adding a significant phase-delay in the closed loop, and hence impairs the stability properties. Then, in practice, the frequency region at which anti-aliasing is effective should be out of the control design objective [19] . A highly related non-linear effect of ZOH arises when analyzing the continuous domain spectrum of a discrete signal generated in the control device. The low frequency reference creates alias at such frequencies, for which the amplitude and (relative) phase angle are also defined by (5) [8] , [19] . This effect is represented in Fig. 3 for a relatively low frequency component of 0.1ω s and for a component near to the Nyquist frequency 0.4ω s . In the first case, it can be assumed that the high frequency alias at 0.9ω s can be easily filtered by the output filter and anti-aliasing filters spurious free dynamic region. However, this assumption is not reliable in the latter scenario. Therefore, from the physical behavior of the discretetime controller, it is convenient that the control action to be band-limited well below ω s /2 [8] 1 [19] .
C. PWM Harmonics
Besides the ZOH operation, it should be noted that PWM operation is highly nonlinear and generates voltage harmonics at multiple frequencies, which are dependent on different parameters such as: 1) fundamental component amplitude; 2) fundamental component phase angle and 3) carrier phase angle [20] . Fig. 4 shows an example of non-linear and unbalanced generation of harmonics: from a basic modulation strategy working in open loop and using an ideal reference, it can be seen how there are a non-linear generation of harmonic components. The non-linear generation of harmonics due to dead-times can be placed in this category.
Proper control action has been found effective for compensation of non-linear generated low order harmonics: e.g., by resonant controllers [21] . However, the closed loop control ability becomes poor as the frequency increases 2 . At frequencies at which the control action is not effective the phase angle of the measured harmonics depends on non-linear components. In such a circumstance, the impedance stability criterion (i.e., a linear-based control analysis) becomes no longer reliable to asses the system stability, since the measured converter admittance is highly dependent on non-linear harmonics.
D. Passivity Region Delimitation
The previous subsections are summarized in the following. The "inner admittance decoupling" provided by the LCL filter isolates high frequency components from the grid. The PWM and ZOH associated effects also influence the control action 1 The regular sampling technique that avoids components at ωs/2 can be regarded as a particular case of this effect: two signals of equal amplitude and opposite phase are summed and hence canceled in the acquisition [8] . 2 The dependence between carrier phase-angle is employed to cancel switching harmonics in interleaved converters [14] . This solution can be classified as open loop since the carrier phase-shift angles come from an off-line analysis; i.e., the control action is not calculated in a closed-loop. 
Harmonic order
Amplitude [ p.u.] Fig. 4 . Non-linear generation of harmonics in three-phase voltages due to PWM operation. Per-phase magnitudes are represented for harmonics. The data has been obtained using a normalized and balanced reference (1 p.u. amplitude at 50Hz) and a triangular carrier-based PWM (fs = 5 kHz, fsw = 2.5 kHz). Unbalance is also present in phase angles (not shown).
effectiveness. From these effects, it is clear that the region at which the converter is effective is well below ω s /2. As shown in the next sections, ω s /4 can be set as a reasonable upper limit for design for Y c (ω) shaping, as Y g (ω) becomes independent from Y c (ω) at high frequencies.
IV. PROPOSED MODELING AND DESIGN CRITERION
This section shows the derivation of linear low order expressions for the converter admittance Y c (ω) and Y g (ω), that permits a reliable design for passivity. The following assumptions are made in order to simplify the design.
• As discussed in section III, ZOH and PWM effects provide a non-linear generation of alias and harmonics. Even though this non-linearities are not arbitrary as they depend on fundamental component references, they behave as a disturbance in the frequency region for design.
• An the range of frequencies at which a passive behaviour of the current controller is wanted (i.e., above the theoretical closed loop bandwidth), i ref = 0 is a reasonable assumption (e.g., no references from outer loops).
• Since Y c (ω) is considered linear in the design region, its analytical expression is calculated by an E c impulse response (i.e., for mathematical purposes this point can be considered connected to a stiff grid), as follows
• The effect of anti-aliasing filters is negligible in the region for design, i.e. up to ω s /4 in this work.
• The resonant controller (very high gain and selectivity at the fundamental component) has a negligible effect in the range of frequencies for a passive design (frequencies beyond the theoretical closed loop bandwidth) [15] . Fig. 5(a) depicts the hybrid system that represents Y c (ω), which is derived from Fig. 1(b) by applying these assumptions. The Z-domain expression is obtained by considering the sample and hold effects in the discretization of the plant: the control paths that drive into the discrete device are discretized by ZOH method, meanwhile the Tustin method is accurate to represent the dynamics only due to the disturbance [7] , [8] . 
Z-domain, Y c (z). Its analytical derivation is
This expression is third order and biproper, with zeros and poles depending on k ad and k p , respectively. The outer admittance Y g (ω) can be calculated by (4) with Y c (ω) = Y c (z = e jωTs ). A convenient combination of k ad and k p provides a stable pole/zero cancellation, which reduces the Y c (z) order to a first one. This procedure inherently enhances the passivity as it reduces the phase variations in the Y c (z) frequency response [i.e., phase variations associated to poles and zeros at the region of interest]. In practice, this simple design criterion assures Y c (z) passivity for frequencies below ω s /4 (and beyond), as proved in the next section.
V. CASE STUDY AND SIMULATION RESULTS
The proposed design approach has been applied using the data of Table I . Fig. 6 shows the pole and zero trajectories of Y c (z), which depend on k ad and k p , respectively. By a parametric analysis, it has been found that the set (k p = 0.58, k ad = 1.33e −4 ) provides two pole-zero cancellations (complex pairs). With this tuning, Y c (z) is reduced to a first order expression. Y c (z) has a pole at z = 0, which represents one-sample delay effect: a −90 deg delay at ω s /4 is introduced. Y c (z) has also a nonminimum phase zero at z ≈ −2, which provides some phase-lead 3 and extends the passivity region slightly beyond ω = ω s /4. Fig. 7 and 8 show the frequency responses according to (7) and (4), respectively (together with simulation results points, which are also explained below). As aimed, 1) a passive 3 A nonminimum phase zeros does not totally compensate a pole delay [8] . Simulation results have been obtained with Simulink (discrete controller working at T s ) and PLECS blockset (2 level VSC, switching model). In order to get the admittances by simulation, the procedure of EN-50388 is performed as follows [13] : 1) for each point, a voltage harmonic component is programmed at E(t); 2) Time domain simulation is performed, until reaching a steady state 4 ; 3) The harmonic spectrum of grid and converter currents is obtained (magnitude and phase) and 4) The admittances are measured by the formulae
with the FFT superscript meaning data obtained by spectrum analysis. It can be appreciated that an overall good matching is obtained for Y c (ω), even though some deviations around 0.12ω s (≈ LCL resonance frequency) are found; the main reason for such deviations is the fact that non-linear PWM harmonics are amplified by the LCL resonance. For Y g (ω), the matching is good in all the range of frequencies, which proves the main hypothesis: at high frequencies, the LCL capacitor branch well decouples the grid-side perturbation (i.e., grid voltage harmonics) from the VSC current path and hence, avoids any potential positive feedback action caused by it.
VI. CONCLUSIONS
Design for passivity is approached as a reliable method to assure the stability of LCL grid-connected VSCs working in power systems with potential resonances. In comparison with existing works, the frequency region for design is reconsidered by having into account non-linear ZOH/PWM effects and the nature of the LCL filter topology. It has been found that the LCL filter is convenient for stability, as the capacitor well isolates high frequency disturbance from the VSC current path. This remark also eases the controller design as the frequency region for analysis can be safely reduced without compromising the stability goal. Subsequently, the VSC is modeled by a Z-domain admittance and a systematic design procedure is formulated as shaping it to be first order, which implies the VSC is passive in the (relatively) low frequency region. The feasibility and accuracy of the proposed methodology is proved by simulation results (PLECS switching model). 
